Abstract: A novel reverse-conducting insulated-gate bipolar transistor (RC-IGBT) featuring separated freewheeling diode (FWD) and IGBT is proposed. The proposed RC-IGBT with two kinds of anti-paralleled FWDs (PIN and MPS diode) is discussed. The simulation show that the integrated Merged P-i-N/Schottky (MPS) diode can improve the property of the reverse conduction and reverse recovery greatly than the PIN diode, the reason is that a new mechanism is adopted by the Schottky contact of the MPS diode. As the results indicate that the RC-IGBT with MPS diode achieves lower V R and J PR when compared to the PIN diode.
Introduction
The reverse conducting insulated-gate bipolar transistor (RC-IGBT) integrates the freewheeling diode (FWD) and the IGBT in a monolithic chip by breaking the PCollector with periodically distributed N-Collectors [1, 2] . It can offer a higher power density in IGBT modules and reduce packaging, bonding, and silicon costs in fabrication. However, the conventional RC-IGBT has a well-known snapback phenomenon in the forward conduction, which is induced by the N-Collectors short effect [3, 4, 5, 6, 7, 8] . Then the advanced separated RC-IGBT is adopted to solve the snapback by extracting the N-Collectors from the P-Collectors, and the FWD region and IGBT region are separated from each other [9, 10, 11] .
In the early paper we have proposed a separated RC-IGBT by integrating the FWD surrounding around the IGBT region, in which the Field Limiting Ring (FLR) acts as an anode emitter and the N-Collector acts as the cathode emitter of the FWD [12] . Although the snapback is suppressed in the IGBT mode, the property of the integrated diode needs to be further improved in the FWD mode. In this paper, another separated RC-IGBT with two kinds of anti-paralleled FWDs (PIN and MPS diode) is proposed to improve the electric characteristic of the integrated FWD.
Device structures and mechanism
For the conventional RC-IGBT it mixes the FWD and the IGBT in the same active region by breaking the P-Collector with alternately distributed N-Collectors. For the separated RC-IGBT, it divides the FWD and the IGBT in the different active region by distributing the P-Collector and N-Collectors in different location in the bottom as described in the early reference [11, 12] . In Fig. 1 it gives the comparisons between the separated RC-IGBTs with different integrated FWD in layouts and structures. The key parameters and symbols are labeled in the structures. Fig. 1(a) and Fig. 1(b) show the separated RC-IGBTs with integrated PIN diode. From the view of the layout, it can be seen that the FWD is designed at the right side of the active region, and the IGBT is designed at the left side. From the view of the cross section structure, the P-Collector and the N-Collector are integrated and separated from each other. At this time, the N-Collector acts as a cathode emitter and the P-bodies acts as the anode emitter of the FWD. Fig. 1(c) and Fig. 1(d) show the separated RC-IGBTs with integrated MPS diode. From the view of the layout, it can be seen that the location of the FWD and the IGBT is designed as the separated RC-IGBT with integrated PIN diode. From the view of the cross section structure, the P-Collector and the N-Collector are also integrated and separated from each other. At this time, the N-Collector acts as a cathode emitter. Differently, except the P-bodies acts as the anode emitter of the FWD, another Schottky contact is designed at the anode side of the FWD, and then the Schottky junction is formed. So at this time, both PN junction and Schottky junction will act as the anode emitter of the FWD. As the introduction of the Schottky junction, the electric characteristic will be much more different from the PN junction, in this paper, we will mainly discuss the Schottky junction influencing on the property of the integrated FWD in the separated RC-IGBT.
The electrical results and discussion
The electric characteristic of the Schottky junction is mainly determined by the work function È m of the metal which is deposited upon the semiconductor. Fig. 2 shows the work function influencing on the output I-V characteristic of the Schottky junction. It can be seen that, at one hand, as the increase of the È m , the threshold voltage to emit the current is much different. When the È m is at 4.3 and 4.5, the current is increased from the 0 V. When the È m increases from 4.7 to 4.9, the threshold voltage is increased from 0.1 V to 0.3 V. When the È m increases from 5.0 to 5.3, the threshold voltage is increased from 0.4 V to almost 0.5 V. At the other hand, the component of the current is also much different. When the work function È m is below 4.9, the current is dominated by the majority (electron) which is injected from the semiconductor to the metal. But the minority (hole) current will increase as the work function increase, when the È m > 5, the current is dominated by the holes which are injected from the metal to the semiconductor. As we known, the electron has much higher mobility and will not stored in the drift when the device working at dynamics state. So the devices with majority conduction (electron) will get higher frequency than the devices with minority conduction (hole). So in the following discussion, the È m of the Schottky junction will be designed below 4.9 to ensure the electron conduction. Fig. 3 shows the reverse conduction I-V characteristics of the integrated FWD, the minus of the current and voltage indicate the reverse conduction of the RC-IGBT. As the anode of the FWD of the separated RC-IGBT is made with p-body, the conduct mechanism is the same as the PIN, it can be seen that, the threshold voltage is about 0.7 V, and the current is contained with electron and hole. For the MPS diode, it integrates the Schottky junction between the P-bodies as shown in Fig. 1(d) , so the PN junction and Schottky junction are connected in parallel and contacted together. The MPS diode has lower reverse voltage drop V R than the PIN diode at the same current density. For example, the V R is 0.65 V for the MPS while Because the V R is the sum of the build-in potential V bi and drift voltage V drift , the Schottky junction has lower V bi than the PN junction. The inset picture gives the reverse current flow for the MPS diode with work function 4.5, at point A with applied voltage 0.5 V, the Schottky junction will start to inject majority carriers into the drift. At point B with 0.7 V, the PN junction also starts to inject minority carriers into the drift. At point C with 0.9 V, the injection efficiency of the PN junction is much bigger than the Schottky junction, so the Schottky effect can be neglected, then the current curve is closed to the PIN diode.
The corresponding potential distribution is also shown in Fig. 4 , it can be seen that the potential for MPS and PIN is almost the same at PN region, the extra Schottky of MPS only enhances the potential in the Schottky region. Fig. 5 shows the reverse recovery property for the FWD with PIN and MPS diode. The peak reverse current J PR is determined by the minority carriers stored in the drift which is injected by PN junction. At the same current density of 20 A/cm 2 , the amount of minority carriers in MPS is smaller than the PIN due to a part of Fig. 3 . The reverse conduction characteristics for the separated RC-IGBT with PIN diode (the anode is made with P-body) and MPS diode (the anode is made with P-body and Schottky), the inset picture is the reverse current flow for the MPS Fig. 2 . The work function influencing on the output I-V characteristic of the Schottky junction minority carriers is replaced by the majority carriers injected from the Schottky junction, which leads to a smaller J PR for MPS (the J PR is 50 A/cm 2 for the MPS while the J PR is 70 A/cm 2 for the PIN). Moreover, the Schottky can help to extract the carriers, which leads to a faster recovery for MPS.
Conclusion
The separated RC-IGBT with different PIN diode and MPS diode are proposed and compared. They have the same layouts design, the IGBT is designed at the left region, and the FWD is designed at the right region. Differently, the anode side of the PIN diode is made with P-bodies, while the anode side of the MPS diode is made with both P-bodies and Schottky. As the results show that at the same current density of 20 A/cm 
